tamate derivatives. The polyglutamate tail is important for intracellular retention of folates and recognition by folatedependent enzymes. Many of these enzymes have higher affinities for folylpolyglutamates than for the corresponding monoglutamates (13) .
Folylpolyglutamate synthetase (FPGS), the enzyme which catalyzes the conversion of folates to polyglutamates, has been purified from several bacteria, including Corynebacteriuin sp. (25) , Lactobacillus casei (4) , and Escherichia coli (3). In E. coli and Corynebacterium sp., this enzyme also catalyzes the biosynthesis of dihydrofolate from dihydropteroate and is thus essential for de novo biosynthesis of folate (3, 8, 25) . As such, it is a potential target for antimicrobial chemotherapy.
The gene coding for FPGS in E. coli (folC) has been cloned, sequenced, and shown to be linked to an adjacent qpstream gene of unknown function (1-3). Deletion of the upstream gene sequences from recombinant plasmids containing the folC geneyresults in a large decrease in plasmiddependent FPGS expression. High FPGS expression can be restored by exogenous promoters, such as the lac ot lambda PL promoter, placed upstream of the folC gene.
In this report, we describe the promoters in the noncoding region 5' to the upstream gene which are required for expression-of both the upstream gene and folC gene products. We investigated the role of a region of dyad symmetry predicted to produce a stable stem-loop structure in the noncoding region between the two genes on FPGS expression. The presence of a third gene, located downstream to and pUC19 (21) were also used as vectors and for dideoxy sequencing with double-stranded DNA. DNA fragments were cloned into bacteriophage M13 (18) and sequenced to verify the construction of the G7 mutant.
Plasmid construction and isolation. Plasmid DNA was isolated by the alkaline lysis method (12) . Large preparations were also purified from CsCl gradients. Strain JM101 was transformed with plasmid or M13 DNA by the CaCl2 procedure (11) . All other strains were prepared as frozen competent cells and transformed by the method of Hanahan (9) .
Plasmid pAC5Bgl was constructed from pAC5 by digestion with Stul and religation in the presence of the nonphosphorylated 14-base linker 5'CCTGAGATCTCAGG-3'.
Plasmid pAC3Bgl was constructed from pAC3 by partial digestion with StuI and religation with the BglII linker described above. Transformants were screened for the presence of a BglII site between the upstream gene and the folC gene. The linker contains the sequence CCTGA, which allows translation of the upstream gene to terminate normally when the linker is inserted into the Stul site near the 3' end of the gene. The same ligation also produced plasmids in which both StuI sites were cut, removing the foiC gene. The plasmid thus contains the upstream gene terminated at a Bgll linker. This plasmid was termed pUGBgl.
Plasmid pAC3Bgl2 was constructed by insertion of the 8-base BglII linker into the StuI site of pAC5, followed by excision of the BglII-BamHI fragment containing the folC gene and its ligation into BglII-digested pUGBgl. Plasmids in which the foiC gene was in the same orientation as the upstream gene were selected.
To construct G7, pAC3 was partially digested with EcoRI. The ends of the linearized plasmid were made blunt with S1 nuclease, followed by the Klenow fragment, and the plasmid was religated. Removal of the EcoRI site within the upstream gene was verified by restriction digestion and subcloning of a 1-kilobase HindIII-KpnI fragment containing the mutated region into M13 and sequencing.
Construction of 5' deletion mutants. For the deletions at the 5' end of the upstream gene, the starting plasmid was a subclone of pAC3 containing a 0.9-kilobase insert, from the 5' BamHI site to the EcoRI site. The plasmid was digested with PstI and Sall. Deletions were then done by digestion for timed intervals with exonuclease III, followed by S1 nuclease (16) . The ends of the DNA were repaired with the Klenow fragment, and the plasmids were religated and used to transform strain JF1754. Plasmid DNA was prepared from the transformants and sequenced by the dideoxy method to determine the extents of the deletions. Plasmids containing deletion mutations of interest were digested with HindIll and EcoRI. The DNA fragments were purified from polyacrylamide gels and cloned into pAC3, which had been digested with the same enzymes to remove the corresponding wild-type sequence. The reconstructed plasmids were transformed into E. coli SF4. FPGS, whose gene is located downstream of the mutated region, was used as the reporter enzyme. Enzyme assays of crude extracts of the transformants were performed at low folate concentrations. Under these conditions, background activity due to the host enzyme was <1% of the total counts.
Deletions in the intergenic noncoding region. For deletions in the intergenic noncoding region, the starting plasmid was pAC5Bgl digested with PstI and BglII. After exonuclease III-S1-Klenow fragment modification, the plasmids were religated with either a 14-base BglII linker, 5'-CCTGAGATC TCAGG-3', or an 8- RNA extraction and primer extension. Total RNA was prepared from E. coli transformed with pAC3 or without the plasmid. Chloramphenicol (100 ,ug/ml) was added at 1 min before harvest, and then the cells were rapidly chilled in an ethanol-ice bath and lysed by a lysozyme freeze-thaw method, followed by extraction with hot phenol as described by von Gabain et al. (28) . The extract was precipitated with ethanol, and the RNA was prepared by precipitation with 2 M LiCl as described by McNeil et al. (16) .
Primer extension was done by using two separate oligonucleotide primers, a 15-base primer complementary to the sense strand of the folC gene and an 18-base primer complementary to the upstream gene. The 18-base primer is located at +40 to +58 relative to the methionine initiator codon at + 1, while the 15-base primer is located at + 1284 to +1299. The primers were end labeled with polynucleotide kinase, and cDNA was prepared as described by McNeil et al. (16) , except that Moloney murine leukemia virus reverse transcriptase was the enzyme used. For the 15-base primer, the standards were plasmids linearized with restriction endonucleases at sites that were known distances upstream of the primer-binding site. Reactions were initiated from the primer used for the RNA template, but the enzyme used was the DNA polymerase I Klenow fragment. Samples were run on polyacrylamide sequencing gels with end-labeled DNA molecular weight markers. To determine the exact initiation sites of RNA synthesis 5' to the upstream gene, sequencing reactions initiated by the 18-base primer on an M13 template were run alongside the cDNA as standards.
Analysis of plasmid-encoded gene products in maxicells. E. coli DR1984 was transformed with various plasmids and UV irradiated, and the plasmid-encoded proteins were labeled with [35S]methionine as described by Sancar et al. (23) . Sodium dodecyl sulfate-polyacrylamide gels were run with 13% separating gels and 5% stacking gels by the method of Laemmli (10) .
Enzyme extraction. Crude extracts were prepared from transformed strains grown in YT medium supplemented with 100 ,ug of ampicillin per ml to the late log phase. ,iM 10-formyltetrahydrofolate substrate to minimize the background activity in the SF4 mutant and with 500 ,M labeled glutamate with no cold glutamate to maximize incorporation of the label into folate products.
Protein assays. Protein concentration was measured by using the dye-binding assay of Bradford (5) the ATG codon which most likely begins the coding sequence of the upstream gene (Fig. 2) . The reading frame remains open for an additional 96 nucleotides upstream, and an in-frame methionine is located at -84. Since deletion of this methionine had no effect on expression of the upstream gene product in maxicells (Fig. 3 , lane 6), the translation initiation site is likely the second methionine in the open reading frame. Figure 3 shows the expression of labeled gene products from control plasmids and those containing deletions in maxicell experiments. One can directly observe the effect of deletions in the transcription regulatory region on the expression of the gene products encoded by the upstream and foiC genes. Plasmid-encoded genes, such as that for ,-lactamase, act as internal standards to adjust for differences in band intensities from lane to lane. As previously reported, the expression of the upstream gene product was much greater than that of the foiC gene product. There was no apparent difference in the expression of FPGS and the upstream gene product between transformants containing plasmids with deletions Dl to D4 and those containing the undeleted control plasmid (Fig. 3a, lanes 4 to 6) . The expression of both gene products decreased significantly in transformants containing D5 (lane 7), while those with D6 and D7 showed even lower expression of both gene products (lanes 8 and 9). These results confirm the results of the FPGS assays for the location of the promoter of the upstream gene and show that the expression of both the upstream gene and the foiC gene is coordinately abolished by deletions in the 5' noncoding region which remove these predicted promoter sequences.
A third gene product encoded by a gene located downstream of foiC within the insert of pAC3 (Fig. 1 ) was observed at Mr 35,000 (Fig. 3, dgp) . Expression of this product did not appear to be affected by the 5' deletions of these mutant plasmids. This indicates that this gene product is not cotranscribed with the upstream gene and the foiC gene. The gene product was observed in maxicells containing plasmids in which the first half of the foiC gene was deleted to the SalI site (Fig. 3b, lane 3, pDG) . Therefore, this gene must have an independent promoter located within the coding sequence of the folC gene downstream of the SalI site.
To confirm that the foiC and upstream genes are cotrans- promoter site predicted by our deletion studies was used to initiate cDNA synthesis. Extension of this primer produced several cDNA bands which clearly extended into the coding sequence of the upstream gene (Fig. 4) . A large cDNA fragment was observed slightly below the 1,432-base runoff DNA band produced by pAC3 linearized with HindIll (Fig.  4, lane 3) . This corresponds to the size predicted for mRNA initiated from the upstream gene promoter within the sensitivity of the experiment. This confirms that the upstream gene and the foiC gene can be cotranscribed on the same message.
If the foiC gene and the upstream gene are cotranscribed, it seems likely that premature termination of the upstream gene would result in a polar effect on FPGS expression. Such a mutation was constructed by mutagenesis of the EcoRI site within the upstream gene (see Materials and Methods) and designated G7. The resultant 4-bp deletion shifts the reading frame within the upstream gene to cause a termination 1 base after the site of modification (Fig. 5) . The production of a truncated gene product was confirmed by expression of the mutated plasmid in maxicells (Fig. 3b, lane 1) . The FPGS activities of transformants of this mutant were three-to fourfold lower than in the corresponding wild-type plasmid (Table 1) , confirming the predicted polar effect of the mutation.
The 5' end of the message was mapped by extension of an 18-base primer (Fig. 6 ). This primer is complementary to the mRNA at a position +40 to +58 relative to the putative initiation codon of the upstream gene. A strong cDNA band was detected at the G residue 9 bp downstream of the final T of a -10 promoter sequence (TGGCAT) and a weak band at the G residue immediately before it. No cDNA bands were observed farther upstream, but our plasmid contains E. coli sequences for only 50 bp upstream of the highest cDNA band in Fig. 6 (Fig. 1) . The deduced promoter site is within the region predicted by the deletion studies, confirming that promoter location. In addition, a second band was detected 70 bp upstream. This corresponds to the A residue of a CAT located 8 residues downstream of a -10 sequence (TTT AATG) with good homology to the promoter consensus. The corresponding -35 sequences of both of these promoters have poor homology to consensus sequences. There is a cDNA band in Fig. 6 between the above-described two bands. No sequences with homology to promoter consensus sequences are located upstream of this band. The band is located at the base of a potential hairpin structure which could cause the reverse transcriptase to pause.
Comparison of the sequence of the intergenic noncoding region with promoter consensus sequences suggested a possible Pribnow box sequence within the region (Fig. 5) . However, no band appeared in the primer extension experiment at the predicted transcription start site of this putative promoter, which would closely correspond to the position of runoff standard Si (Fig. 4, lane 1) . In fact, there is no band within the intergenic region, which ends 20 bp before the KpnI site (lane 2). This suggests that there is nofolC-specific promoter.
We measured FPGS activities in transformants of plasmids containing the folC gene in a pUC9 plasmid but oriented opposite to the direction of the lac promoter. We found no difference in FPGS expression from these plasmids whether the entire intergenic region was intact or whether it was completely deleted (data not shown). This also suggests that no promoter was present in the region.
Plasmids containing thefoiC gene in pUC vectors were all able to complement the auxotrophy for methionine of the folC mutant SF4 whether the gene was downstream of a known promoter or not (1, 2). This suggested that the high copy number of the vector provides sufficient expression of FPGS for complementation even if the promoter is very weak. To verify that the complementation was a copy number effect, a DNA fragment containing thefoiC gene and the entire intergenic noncoding sequence was cloned into the low-copy vector pSC101 (6) . Since pSC101 confers tetracycline resistance, the foiC host strain used for these experiments was SF2, the same mutant as SF4 but without the Fig. 5 . The relative specific activities of FPGS for strains transformed with plasmids containing the deletions are shown in Tables 2  and 3. Table 2 shows the expression of FPGS activity in transformants of control (pAC5) and deleted plasmids containing the foiC gene in the proper orientation for transcription from the lac promoter. There was no significant difference in FPGS expression between transformants of the control plasmid (pAC5) and the plasmids which had the stem-loop structure deleted. If the stem-loop structure acted as an attenuator, an increase in FPGS expression would be expected from plasmids in which it could not form. In fact, transformants of the deleted plasmids (Table 2, SD37, SD35) had lower FPGS expression than the control.
Insertion of the self-complementary BgIII linker alone (pAC5Bgl) resulted in 7-to 20-fold less FPGS expression than the same constructs without the linker (Table 2) . This may be due to a stem-loop structure formed by the selfcomplementary linker itself. This linker is long enough (14 bases) to produce a 5-base stem and a 4-base loop. The control plasmid, pAC5Bg1, with the linker inserted into the StuI site actually has a region dyad symmetry 6 bp longer, which may produce a more stable 8-base stem. Transformants of deletion clones SD5, SD7, and SD16 containing the linker had higher activity than transformants of the pAC5Bgl control, as expected if these putative stem-loop structures affect FPGS expression.
DNA fragments containing the foiC gene and the deletions in the intergenic region described above were placed into plasmids containing the upstream gene (Table 3) ' The specific activity of the 100o extract when induced with isopropyl-P-D-thiogalactopyranoside was 1.9 Fimol/h per mg of protein.
vivo. Table 3 shows that when the plasmids were reconstructed with noncomplementary linkers, there was no decrease in expression of FPGS as a result of linker addition (see pAC3Bgl2), suggesting that the linker had an effect on expression. Deletion of the stem-loop in the intergenic region still did not increase FPGS expression. Transformants of plasmid SD12 which contained a deletion removing the ribosome-binding site for FPGS (Table 2 , SD12 and SD35) had lower expression of the enzyme than did those of plasmids in which that region was not deleted.
To test for any terminator within the intergenic region, a 0.3-kilobase HindIII-AccI DNA fragment containing the entire intergenic noncoding region and part of the folC gene was isolated from pAC5 and cloned into the termination reporter plasmid pKG1800 (14) . No decrease in expression of galactokinase was observed on MacConkey plates (data not shown), confirming that this region does not contain an effective terminator.
An alternate effect of the stem-loop structure in the folC operon may be to protect the upstream gene coding sequence from degradation by 3' exonucleases (29) . This could Table 3 into maxicells (Fig. 3b) . The intensities of the upstream gene product bands were the same in control and deleted plasmids, showing no effect due to removal of the stem-loop.
DISCUSSION
The nucleotide sequence of the foiC gene has recently been determined, and evidence of its linkage with a gene located immediately upstream has been presented (1, 2). We extended these studies to show that two promoters are present just 5' to the coding sequence of the upstream gene. The transcription start sites were determined by primer extension, and the corresponding -10 promoter sequences were localized. Deletion studies showed that at least the downstream promoter is necessary for high expression of FPGS by the plasmids. The downstream promoter appeared to be stronger than the upstream promoter, and we could see an effect on expression in FPGS assays or maxicell experiments only when both were deleted. Neither promoter has a good consensus -35 sequence, but the deletion studies showed that removal of the sequences in the -35 region of the downstream promoter decreased FPGS expression by 90%. This -33 region is within the loop of a stable hairpin structure which caused reverse transcriptase to pause in our primer extension experiments. There is a sequence with dyad symmetry (AATGGCATT) in this loop. We have no evidence to suggest that a transcription activator is involved in expression from this promoter, but it will be of interest to determine whether any proteins bind to this region of DNA.
Deletion of the upstream gene abolished most of the expression of FPGS. However, there was residual FPGS expression above the background from those deleted plasmids, and they were able to complement the auxotrophy for methionine of the foiC mutation in strain SF4. This suggested that a weak folC-specific promoter exists in the noncoding region between the two genes. Analysis of the sequence suggested a possible Pribnow box consensus sequence in this region. However, no cDNA had appeared at the point predicted by the putative promoter sequences. Low-copy-number plasmids containing the entird intergenic region and the foiC gene could not complement the SF4 mutation. The previously observed complementation must, therefore, be an artifact of high-copy-number plasmids. Thus, we found no evidence of a foIC-specific promoter, either at the point predicted by the consensus sequence or anywhere else but at the site of the upstream gene promoter. Virtually all of the expression of the foiC gene product is dependent on that promoter.
The most striking feature of the sequence in the vicinity of thefolC gene is a region of dyad symmetry predicted to form a stable stem-loop structure (AG = -24.5 kcal/mol) in the noncoding region upstream gene and thefoiC gene. Maxicell studies showed that expression of the upstream gene product was severalfold higher than that of FPGS (3; Fig. 3 ). This suggested that the stem-loop structure, followed by four U residues, could act as an attenuator to terminate some of the message initiated from the upstream gene promoter. However, deletion of the hairpin sequence had no effect on expression of the downstreamifoIC gene from either the lac promoter or the upstream gene promoter. 8 bp, depending on which GTG codon is used for initiation of its translation. The dedD gene is located within our pAC3 subclone, and we confirmed the existence of a gene product in our maxicell experiments. Our data indicate that this gene product is not cotranscribed with folC but has its own promoter located within the folC coding sequence downstream of the Sall site. It appears to be regulated independently offolC and the upstream gene.
The above-mentioned authors also performed S1 mapping experiments with a DNA fragment that overlapped our upstream gene and the gene 5' to it. They observed protection of two sizes of DNA fragments from this probe. The size of the smaller fragment is consistent with the mRNA start site of the promoters we describe here, but the full-size fragment was also protected. The intensities of both bands were diminished in a strain containing a TnS insertion in the usg gene of the hisT operon further upstream. They concluded that the upstream gene was transcriptionally linked to the hisT complex operon. Our data do not exclude this possibility, but we have shown that at least one viable promoter is located just 5 
